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Abstract  
Endometrial stromal and epithelial cell function is typically studied in vitro 
using standard two dimensional (2D) monocultures, but these cultures fail to 
reflect the complex 3D architecture of tissue. A 3D model of bovine 
endometrium that reflects the architectural arrangement of in vivo tissue 
would beneficially assist the study of tissue function. An electrospun 
polyglycolide (PGA) scaffold was selected to grow a 3D model of primary 
bovine endometrial epithelial and stromal cells, that reflects the architecture of 
the endometrium for the study of pathophysiology. Electrospun scaffolds were 
seeded with stromal and epithelial cells, and growth was assessed using 
histological techniques. Prostaglandin E2 and prostaglandin F2α 
responsiveness of endometrial scaffold constructs was tested using oxytocin 
plus arachidonic acid or lipopolysaccharide (LPS). Stromal and epithelial cells 
growing on the electrospun scaffold had an architectural arrangement that 
mimicked whole tissue, deposited fibronectin, had appropriate expression of 
vimentin and cytokeratin and were responsive to oxytocin plus arachidonic 
acid and LPS, as measured by prostaglandin accumulation. In conclusion, a 
functional 3D model of stromal and epithelial cells was developed using a 
PGA electrospun scaffold which may be used to study endometrial 
pathophysiology. 
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1. Introduction 
Recent advances in tissue engineering have facilitated the development of 3D 
tissue constructs using a scaffold based approach, where the scaffold serves 
to mimic the extracellular matrix (ECM) of tissue to provide a framework for 
cell growth [1, 2]. Typically, tissue engineering aims to produce tissue 
constructs for implantation in the event of injury, such examples include skin, 
cartilage and bone [3-5]. The development of a bioartificial uterus for uterine 
transplantation and, potentially, ectogenesis has also been considered [6]. 
However tissue engineering may also provide test-bed material for in vitro 
research, which may assist the development of therapies for disease [7]. The 
development of a defined three dimensional (3D) endometrial tissue construct 
would be advantageous for the in vitro study of endometrial function. Whilst 
2D monoculture of cells on flat culture plates has hugely advanced our 
understanding of cell function, and will continue to do so, 2D monocultures do 
not reflect the heterogeneous cell population and 3D architecture of tissue; 
and these features would be better represented by a 3D model [8, 9]. 
 
The endometrium, which consists of a polarised, columnar epithelium 
overlaying stromal cells and also immune and endothelial cells, is an 
endocrine mucosal tissue. In cattle, the endometrium has key roles in 
reproduction, including regulation of the reproductive cycle, providing a site for 
implantation and acts a barrier between the uterine lumen and the deeper 
tissues of the uterus. Development of a 3D endometrial construct would 
facilitate not only the study of endometrial cell, but also tissue function. 
Development of 3D models of human endometrium are emerging, and the use 
of these models to study features such as implantation or steroid 
responsiveness demonstrates the potential of tissue engineered constructs for 
the study of endometrial function [10, 11]. Species-specific models are of key 
importance due to major species-specific differences in tissue function, but 
also variation in the culture procedures of endometrial cells from different 
species. For bovine endometrium, a heterocellular spheroid model of bovine 
endometrial stromal and epithelial cells was achieved by culturing cells in 
ascorbate [12], but this model may offer little control over the shape of the 
model formed. The aforementioned human endometrial models utilised 
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scaffolds formed from biological polymers, which are associated with high bio-
compatibility [13]. In contrast, synthetic polymers are suited for the 
development of large scale, high throughput experimentation that can be 
adapted for scaffold design, strength and bio-degradability, but may be less 
biocompatible [6, 13]. 
 
Polyglycolide (PGA) is a synthetic polymer which has previously been used to 
support the growth of a wide variety of cell types including, fibroblasts and 
epithelial cells for the repair of abdominal wall tissue, urethral tissue and 
intestine [14-16]. The PGA polymer has good potential for high 
biocompatibility with reproductive tissues, as it is a recommended suture 
material for perineal repair, but is also associated with minimal inflammatory 
reactions when used as a suture material for oral tissues compared to silk 
sutures [17, 18]. Ideally, a biodegradable scaffold degrades at the same rate 
of cellular division and ECM deposition, maintaining structure integrity and 
resulting in a construct that is predominantly of native ECM and cells [19]. 
 
In addition to polymer selection, scaffold design is also important. The scaffold 
should have a high surface area to volume ratio, high reproducibility, stimulate 
ECM deposition, and suitable porosity that enables cellular infiltration, three 
dimensional growth and diffusion of nutrients and waste products [2, 20, 21].  
 
The electrospun model is a well characterised scaffold design that addresses 
many of the key requirements for tissue engineering. The electrospun scaffold 
provides a dense mesh, mimicking the complex architecture of native tissue, 
with high porosity that may be altered during production [22-24]. An 
electrospun PGA scaffold has been previously used to grow skin constructs, 
supporting human dermal fibroblasts [25], and may provide a suitable scaffold 
for supporting endometrial cell growth. 
 
The present study aimed to generate a functional reconstitution of bovine 
endometrium using epithelial and stromal cells on a synthetic polymer 
scaffold. The objectives were to i.) establish a stromal cell population onto the 
PGA electrospun scaffold, ii.) develop a co-culture construct of epithelial and 
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stromal cells, iii.) evaluate the co-culture construct and iv.) test the functional 
response of the endometrial construct. Functionality of the endometrial 
constructs were tested by measuring the accumulation of prostaglandin E2 
(PGE) and F2α (PGF) following treatment of constructs with oxytocin plus 
arachidonic acid (OT+AA), or Escherichia coli lipopolysaccharide (LPS), as 
patho-physiological model of bovine endometritis, as achieved previously 
using 2D monocultures [26, 27]. 
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2. Materials and Methods 
2.1 Preparation of Electrospun Scaffold 
1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP) 99.9% was purchased from Apollo 
Scientific Ltd and used without further purification. PGA was purchased from 
PURAC Biomaterials and used after melt-extrusion and subsequent 
quenching in water to obtain a HFIP-soluble polymer. The final weight-
average molecular weight of the vacuum-dried extruded PGA was 
approximately 100,000. The molecular weight of the PGA was measured by 
size exclusion/gel permeation chromatography (GPC). Briefly, a portion of 
each sample was taken and dissolved in HFIP, to give solutions with a 
concentration of around 0.2%. The HFIP contained 0.5 µL/mL of benzyl 
alcohol to be used as a flow rate marker. Samples were left overnight before 
being filtered through 0.45 µm PTFE filters prior to analysis. All sample 
solutions were run in duplicate, and calibration was carried out using 
poly(methyl methacrylate) Easivial calibrants (Polymer Laboratories). The 
following GPC conditions were used: two PL HFIP-gel 300 x 7.5mm columns; 
HFIP eluent at 1.0 mL/min; 50 µL injection; and refractive index detection at 
40 °C 
 
The extruded PGA was used to prepare 11.5 w/w % solutions of PGA in 
HFIP, which were rolled overnight to allow complete dissolution. Prior to 
electrospinning, the solutions of PGA in HFIP were filtered into syringes 
through 10 µm polypropylene filters. The syringes containing the filtered 
solutions were loaded into two syringe pumps, set to dispense the polymer 
solutions at a flow rate of 0.04 mL/min per needle via HFIP-resistant tubing 
connected to four flat-ended 21 gauge steel needles. The needles were 
arranged in two pairs, each pair on opposite sides of an earthed 50 mm 
diameter, 200 mm long steel mandrel (the needles in each pair were aligned 
perpendicularly with respect to the rotational axis of the mandrel) (Figure 1). 
The needle tip to mandrel separation distance was set to 150 mm. The 
mandrel was completely covered in a sheet of non-stick release paper and 
rotated at 50 rpm. A positive potential difference of 11.0 kV relative to earth 
was applied to the needles. Electrospun fibres were then formed from the 
solution delivered to the needle tips, and collected on the paper-covered 
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mandrel to form a non-woven scaffold sheet. Electrospinning was carried out 
at 19 °C and a relative humidity of approximately 38%. After fibre deposition 
was complete the scaffold was removed from the mandrel and then dried 
under vacuum at room temperature for at least 72 hours. 
 
Following drying, the scaffolds were cut into 13 mm discs and stored under air 
in sealed moisture barrier pouches containing desiccant. These pouches were 
then sterilised by gamma irradiation. 
 
 
Figure 1. A sketch showing the equipment set-up for electrospinning. A polymer solution is 
released from two pairs of syringes which were mounted at opposite sides of the mandrel, 
and aligned perpendicularly with respect to the rotational axis of the mandrel (50 rpm). The 
needle tip to mandrel separation distance was set to 150 mm. Electrospun fibres were 
collected on the paper-covered mandrel to form a non-woven scaffold sheet. 
 
The scaffold architecture was characterised by analysis of scanning electron 
microscopy (SEM) images in order to calculate the mean fibre diameter and 
by capillary flow porometry in order to determine the pore size distribution. For 
SEM characterisation, the sample was attached to an SEM stub, sputter 
coated with gold/palladium alloy and then imaged by an FEI-Quanta Inspect 
SEM in the high vacuum mode using a voltage of 5.0 kV and spot diameter of 
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2.5 nm. Three SEM images were processed using GIMP 2.6.6 software in 
order to calculate the mean fibre diameter. For each image, the diameters of 
the first 20 clearly visible fibres along a randomly selected straight line were 
measured; the aggregate 60 measurements were then used to calculate the 
scaffold mean fibre diameter and standard deviation.  
 
Capillary flow porometry analysis was carried out on 26 mm diameter scaffold 
discs using a PMI Capillary Flow Porometer CFP-1100-AEXL. The wetting 
fluid used was Galwick (surface tension 15.9 dyn/cm) and the test method 
used was Dry Up/Wet Up with a maximum pressure of 5 psi. Of the data 
generated, the three values Largest Detected Pore Diameter (pore diameter 
at the bubble point), Mean-Flow Pore Diameter (median pore diameter), and 
Diameter at Maximum Pore Size Distribution (peak pore diameter) were 
chosen to best represent the through-pore size distribution of the scaffolds. 
 
2.2 Isolation of endometrial cells 
Uteri of the early-luteal phase (days 1-4 of oestrous cycle) were collected from 
an abattoir from non-pregnant cattle (Bos taurus) under 30 months of age, 
immediately following slaughter, with approval of the Local Ethical Review 
Panel and the UK Food Standards Agency. Stage of cycle was determined by 
ovarian morphology, as previously described [28]. 
 
Uteri were transported to the laboratory on ice within 2 h, for immediate 
processing. Endometrial cells were isolated independently from the uteri of a 
total of 15 animals for the study, with each individual experiment using cells 
isolated from 3 uteri, unless otherwise stated. The experiments used technical 
replicates of at least two culture wells for each treatment for each uterus. 
Dissection and isolation of endometrial cells was performed as previously 
described [29, 30]. Briefly, the endometrium was dissected from the uterine 
horn ipsilateral to the corpus luteum. Dissected tissue was incubated in 25 ml 
digest solution, containing bovine serum albumin (1 mg/ml, BSA; Sigma, 
Poole, UK), trypsin EDTA (2.5 BAEE units/ml; Sigma), collagenase II (0.5 
mg/ml; Sigma) and DNAse I (0.1 mg/ml; Sigma) in Hanks Buffered Saline 
Solution (HBSS; Sigma) in a shaking water bath for 1 h at 37°C. The digest 
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solution was filtered through a 40 µm mesh cell strainer, and the filtrate was 
washed twice by dilution in 10% heat-inactivated foetal bovine serum (FBS, 
Biosera, East Sussex, UK) in HBSS and centrifugation at 700 × g for 7 min. 
The resulting cell pellet, containing epithelial and stromal cells, was re-
suspended in culture media containing 10% FBS, streptomycin (50 µg/ml; 
Sigma), and penicillin (50 IU/ml; Sigma) amphotericin B (2.5 µg/ml; Sigma) in 
RPMI 1640 (Sigma). The heterogeneous cell population was seeded at 1 × 
105 cells/ml into 75 cm2 culture flasks (Greiner BioOne, Gloucestershire, UK), 
and the stromal and epithelial cells were separated by their differential plating 
times, as described previously [29]. This method results in epithelial and 
stromal cell populations that are negative for CD45 mRNA [26]. Isolated 
epithelial and stromal cell purity was >95% as determined microscopically, 
based upon the morphological differences between the cell types, as reported 
previously [30]. All cell cultures were incubated at 37°C in a humidified 
incubator with 5% CO2 in air, with media changes every 48 h, unless 
otherwise stated. 
 
Once the cell populations were ~70% confluent, they were transferred from 
the culture flask to final seeding environment using accutase (Sigma), 
according to manufacturer’s instructions. The resulting cell pellet was re-
suspended in culture media for cell seeding, as described subsequently. 
 
2.3 Cell culture studies 
2.3.1 Assessment of cellular attachment and proliferation within the scaffold 
The PGA electrospun discs (13 mm diameter) were mounted in a minusheet 
(Minucells and Minutissue Vertriebs GmbH, Bad Abbach, Germany), and 
used in conjunction with 24-well plates. Scaffolds were wetted by immersion 
in 300 µl culture media for 20 min. Wetting media was discarded before 
seeding either epithelial or stromal cells (3 × 104 cells/scaffold in 200 µl 
culture media). Cells were incubated for 4 h before adding a further 800 µl 
culture media to each well. Monoculture scaffolds were cultured for 7 days 
before the whole scaffold construct was assessed for cellular attachment 
using confocal microscopy. Alternatively, PGA scaffolds were seeded with 1 × 
105 stromal cells/scaffold alone, or co-cultured with epithelial cells (5 × 104 
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epithelial cells/scaffold) seeded 24 h after stromal seeding, for analysis of cell 
viability. Cell viability was measured on days 1, 7 and 10 of culture by MTT. 
During culture, cell-seeded scaffolds were maintained in a humidified 
incubator at 37°C with 5% CO2 in air. Media was changed after 24 h to 
remove non-adhered cells, and then every 48 h. 
 
2.3.2 Establish a stromal cell population on the scaffold 
Subsequent 3D cell cultures used PGA electrospun scaffold 13 mm discs 
secured to the well of a 6-well culture plate (TPP) using an 8 mm cloning ring 
(Sigma). Scaffolds were pre-wetted with 300 µl culture media applied inside 
the cloning ring. Stromal cells were seeded onto the wetted scaffold at a 
density of 1 × 105 cells/scaffold in 200 µl culture media (day 0 of scaffold 
culture). After 4 h, a further 100 µl and 3000 µl culture media was applied to 
the inner and outer compartments of the cloning ring respectively. Scaffolds 
were maintained as stromal monocultures for 14 days, with media changes 
every 48 h during the first 10 days of culture, and then every 24 h for the 
remaining culture period. On days 1, 7, 10, 14 stromal-seeded scaffolds were 
assessed for histological analysis – using either confocal microscopy, or 
following paraffin wax-embedding and sectioning for haematoxylin and eosin 
staining, immunohistochemistry or SEM analysis. 
 
2.3.3 Develop a co-culture construct of epithelial and stromal cells 
For co-culture endometrial constructs, the stromal cell populated-electrospun 
PGA scaffolds were seeded with 5 × 104 epithelial cells/scaffold at i.) 24 h 
after stromal cell seeding (day 1 of scaffold culture; CCd1) or ii.) on day 7 of 
scaffold culture (CCd7). Scaffold constructs were cultured up to a maximum of 
14 days, with media changes every 48 h until day 10 of culture, and then 
every 24 h thereafter. Endometrial constructs were removed from culture on 
days 1, 2, 7, 10 and 14 for histological analysis. 
 
2.3.4 Test functionality of endometrial constructs 
The physiological and pathological responsiveness of endometrial cells grown 
on PGA electrospun scaffolds was tested. Co-culture (CCd1) endometrial 
constructs (n = 18 scaffolds seeded separately with endometrial cells isolated 
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from 3 uteri) were treated on day 10 of culture with control media, 100 nM 
oxytocin (Bachem, St Helens, UK) plus 100 µM arachidonic acid (Sigma) or 1 
µg/ml O111:B4 ultrapure Escherichia coli LPS (Invivogen, Wiltshire, UK) for 
24 h. Following cell treatment, the supernatants were collected and stored at -
20°C for later analysis by radioimmunoassay (RIA). 
 
2.4 MTT 
Changes in the proliferation of viable cells seeded on electrospun scaffolds 
were evaluated by the 3-(4,5-dimethylthiazol-2-yl)2-5diphenyl-tetrazolium 
bromide (MTT) assay. Scaffold constructs were transferred to fresh 24-well 
culture plates for MTT analysis to ensure analysis of only cells growing on the 
scaffolds. Scaffold constructs were immersed in 500 µl MTT solution (10 
mg/ml) in culture media and incubated at 37°C in a humidified incubator with 
5% CO2 in air for 2 h. The MTT solution was discarded and 500 µl dimethyl 
sulfoxide (DMSO, Sigma) was added to lyse cells and dissolve the formazan 
crystals. The optical density of DMSO-formazan solution (100 µl/well) was 
measured in a 96-well plate (TPP) using a plate reader (Polarstar Omega; 
BMG Labware, Aylesbury, UK) at 570 nm absorbance. The MTT results for 
the electrospun scaffolds are reported as OD. 
 
2.5 Fixation of scaffold constructs 
Scaffold constructs were fixed in the culture well following removal of culture 
media and washing twice with Dulbecco’s Phosphate Buffered Saline (DPBS; 
Sigma) for 5 min. Constructs were immersed in 2% paraformaldehyde (PFA; 
Sigma) for 5 min, prior to washing three times in DPBS. Scaffold constructs 
were stored in 0.2% sodium azide in DPSB at 4°C, for later processing. 
 
2.6 Wax embedding and sectioning of scaffolds 
Scaffold constructs that had been previously fixed in PFA were processed by 
hand, by immersion in 70%, 90%, 100%, 100%, 100% industrial methylated 
spirit (IMS) for 30 min each, 1:1 mixture of 100% IMS:100% xylene for 45 min, 
100% xylene overnight, 100% xylene for 30 min, and finally 2 changes of 
paraffin wax (Taab, Berkshire, UK) for 2 h each. 
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Following processing, scaffold constructs were embedded in paraffin and cut 
into 6 µm transverse sections using a microtome (Microtome HM360; Richard 
Allen Scientific, ThermoFisher, Hertfordhshire, UK) and mounted onto 
superfrost slides (VWR, Leicestershire, UK). Sections were cut as 10 serial 
sections, at 30 step intervals. 
 
2.7 Immunohistochemistry 
Primary antibodies used for immunohistochemistry (IHC) included rabbit anti-
cytokeratin (Abcam, Cambridgeshire, UK), mouse anti-vimentin (Abcam), 
mouse anti-zona occludens I (Invitrogen, Paisley, UK), mouse anti-fibronectin 
(Abcam), and Alexa Fluor 555 phallodin (Invitrogen), and were diluted 1:100 
in tris-buffered saline (TBS) plus 1% BSA. Secondary antibodies were donkey 
anti-mouse Alex 488 (Molecular Probes, Invitrogen) and donkey anti-rabbit 
555 (Molecular Probes), diluted 1:800 in TBS plus 1% BSA. 
Immunhistochemistry (IHC) was performed on either intact, PFA fixated, non-
paraffin embedded intact scaffold constructs (whole mount scaffolds) or on 
sections from wax-embedded scaffold constructs. Wax embedded scaffolds 
were de-waxed in two changes of xylene for 2 min each, and rehydrated 
through a series of graded alcohol (100%, 90%, 70%, 50%) and distilled water 
for 2 min each. Rehydrated slides were incubated in a pressure cooker at 
boiling point with sodium citrate, pH 6.0 for 3 min. Slides were rapidly cooled 
under a running tap for 10 min. Slides were washed in TBS containing 
0.025% Triton X-100 (Sigma), before blocking in 5% donkey serum diluted in 
1% BSA in TBS for 2 h. Slides were incubated overnight in primary antibody 
at 4°C. Following three washes in 1% BSA in TBS for 5 min each, slides were 
incubated in secondary antibody for 1.5 h at room temperature, in darkness. 
Slides underwent a final three washes in 1% BSA in TBS, and were mounted 
using DAPI/Vectashield (H-1200, Vector Labs Inc, Peterborough, UK). Slides 
were imaged using an upright microscope with fluorescence (Axio Imager M1, 
Zeiss, Hertfordshire, UK), fitted with a digital camera and processed using 
Axiovision software (Zeiss). 
 
For whole mount scaffold constructs, the PFA-fixed constructs were washed 
three times for 5 min each in IHC wash buffer, containing 0.2% sodium azide, 
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0.2% powdered milk, 2% normal goat serum, 1% BSA, 0.1 M glycine, 0.01% 
Triton X-100 in phosphate buffered saline (PBS, Sigma). Scaffolds were 
blocked in 1% donkey serum and 5% BSA in PBS for 1 h, prior to incubation 
in primary antibody solution at 4°C. Scaffold constructs were washed three 
times for 5 min each in IHC wash buffer before incubation in secondary 
antibody for 1 h at room temperature, in darkness. Secondary antibody was 
removed by three washes in IHC wash buffer for 5 min each, before mounting 
on glass slide using mounting medium containing 50% glycerol, 25 mg/ml 
sodium azide and 1 µg/ml Hoechst 33258 (Invitrogen) in PBS. Whole mount 
scaffold constructs were imaged using a confocal microscope (Zeiss LSM 
710, Zeiss) and Zen software (Zeiss), using 10x Plan-Neofluar, 20x Plan 
Neoflar and 40x C-Apochromat (na = 1.3) objectives with Helium-Neon (543 
nm) and Krypton-Argon (405, 488 nm lasers, enabling z-stack imaging of red, 
green and blue channels. 
 
2.8 Haematoxylin and eosin 
Wax embedded sections were stained using haematoxylin and eosin after 
being de-waxed in three changes in 100% xylene for 5 min each, and 
rehydrated in 100%, 90%, 70% ethanol and distilled water for 1 min each. 
Slides were immersed in haematoxylin (Merck, Hertfordshire, UK) for 6 min, 
before washing in tap water for 5 min and immersion in 0.5% eosin (Merck) 
for 6 min. The slides were rinsed in tap water, and dehydrated in 70%, 90% 
and 100% ethanol for 30 sec each. Finally slides were immersed in two 
changes of 100% ethanol for 2 min each, followed by three changes of 100% 
xylene for 5 min each. Slides were mounted using dinbutyl phthalate in xylene 
neutral mounting media (DPX; Taab). 
 
2.9 SEM of cell-seeded scaffolds 
Paraffin wax-embedded transverse sections of stromal cell-seeded scaffolds 
were imaged using SEM to measure the infiltration and growth of cells upon 
the scaffold. Stromal cells were isolated from three separate uteri and were 
assessed on day 1, 7 and 10 of culture. Scaffold sections were de-waxed in 
two changes of 100% xylene for 5 min and allowed to air dry. Slides were 
imaged without sputter coating, using a field emission scanning electron 
 14 
microscope (Hitachi S4800) operating at a low accelerating voltage (1 kV). 
Scaffold constructs were measured for the following: A) the cross sectional 
depth of the tissue (tissue thickness), measured from the uppermost cell to 
the deepest cellular material within the scaffold at that measurement point, B) 
the full cross sectional depth of the entire scaffold construct, including the 
cellular mass (whole construct thickness), C) the cross sectional depth of the 
scaffold fibres only, ignoring any cellular material growing on top of the 
scaffold (Scaffold thickness) (Figure 2). Fifteen measurements were taken for 
‘B’ and ‘C’ and averaged per uterus, whereas 45 measurements per uterus 
were taken to assess tissue depth ‘A’, due to the greater variability in the 
latter. From these measurements the cellular infiltration was calculated using 
the following equation: 
 
Cell infiltration = Tissue thickness– (Construct thickness – Scaffold thickness) 
 
 
Figure 2. A sketch to depicting the cross sectional measurements taken from 6 µm 
cross sections of cell-seeded scaffolds. 
 
2.10 Radioimmunoassay 
Cell culture supernatants were analysed for PGE and PGF concentration 
using radioimmunoassay (RIA) as previously reported [31]. The supernatants, 
PGE and PGF serum (Sigma) standards, and PGE and PGF tracers (GE 
Healthcare, Buckinghamshire, UK) were diluted in 0.1% gelatin and 0.01% 
sodium azide in 0.05 M TRIS buffer as appropriate. Antisera were a generous 
gift from Prof. N.L. Poyser (University of Edinburgh, Edinburgh, UK). Cross 
reactivity of antisera were 0.74% and 0.54% for PGE and PGF, respectively 
[32]. The limits of detection were 2 and 1 pg/tube for PGE and PGF, 
 
Thickness of 
tissue (A) 
Scaffold 
thickness (C) 
Thickness of the 
whole construct (B)  
Cell Infiltration into scaffold (D) =  
“A” Thickness of tissue – (“B” Whole construct thickness – “C” Scaffold thickness) 
D 
 15 
respectively [31]. The intra- and inter-assay coefficients of variation were 4.4. 
and 7.8% for PGE, and 5.1% and 9.7% for PGE, respectively. 
 
2.11 Statistics 
Data represent the mean ± SEM and were analysed using PASW statistics (v. 
18, SPSS Inc, Hampshire, UK). Data for proliferation on electrospun scaffolds 
were compared using repeated measures analysis of variance (ANOVA). The 
effect of treatment with OT+AA or LPS was assessed using ANOVA and 
Bonferroni post hoc test was used to make pairwise comparisons of log10 
transformed data. Significance was assigned where P < 0.05. 
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3. Results 
Preliminary assessment of the PGA scaffold  
The electrospun PGA fibres were produced as a 100 µm thick sheet which 
had a dense mesh-like morphology, as confirmed by SEM (Fig. 3). The 
electrospun scaffold fibre and porosity characteristics are reported in Table 1. 
 
 
Figure 3. Scanning electron microscope image of an electrospun PGA scaffold prior to 
cell seeding. A) The upper surface of scaffold sheet. B) A cross sectional view of the 
scaffold. Scale bars = 100 µm. 
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Table 1. Electrospun scaffold physical characteristics. Scaffold thickness was measured 
along the length of the scaffold sheet using Mitutoyo Absolute Digimatic digital callipers. Mean 
fibre diameter was measured from 3 SEM images of each scaffold sheet using the first 20 
clearly visible fibres/image for each scaffold. The mean-flow pore diameter (median pore 
diameter), diameter at maximum pore size distribution (peak pore diameter), and pore 
diameter at the bubble point (largest detected pore diameter) were measured using a PMI 
Capillary Flow Porometer CFP-1100-AEXL. 
Scaffold 
thickness 
(µm) 
Mean fibre 
diameter 
(µm) 
Mean-flow 
pore diameter 
(µm) 
Peak pore 
diameter 
(µm) 
Largest pore 
diameter 
detected (µm) 
100 - 110 2.57 ± 0.07 7.83 ± 0.11 7.45 ± 0.19 11.3 ± 0.16 
 
 
Stromal and epithelial cell attachment and growth on the electrospun PGA 
scaffold was confirmed using IHC and by MTT (Fig. 4). Expression of the 
cytoskeleton filament, actin, by stromal and epithelial cells grown on 
electrospun scaffolds for 7 days is shown in Fig. 4(a) and (b) respectively. 
Distinct differences are apparent in the actin filament structure, with stromal 
cells exhibiting a strong, filamentous expression, whereas the epithelial actin 
filaments had strong expression, but were less defined (Fig. 4(a-b)). 
Interestingly, the scaffold fibres auto-fluoresced (shown in blue), providing a 
clear view of the actin filament interaction with the scaffold fibres. In Fig. 4(a), 
this was especially apparent where stromal actin filaments were wrapped 
around the scaffold fibres (circled), but was also true of epithelial cells (Fig. 
4(b) circled). The fluorescence of the scaffold fibres also confirmed that cells 
were attached to multiple fibres. Some degree of alignment of the actin 
filaments with the scaffold fibres was also apparent, and this was particularly 
evident for the stromal cells (Fig. 4(a-b)). 
 
Cell proliferation on PGA electrospun scaffolds seeded with either stromal 
cells alone or co-cultured with epithelial cells, seeded 24 h after stromal cell-
seeding, was assessed by MTT. As the co-culture contained a mixture of cell 
types, and the standard curve for MTT optical density (OD) against cell 
number is specific to cell type [29], the number of cells growing in the co-
culture construct could not be calculated, and are reported as OD (Fig. 4(c)). 
Although scaffolds were maintained for 14 days, the scaffolds on day 14 were 
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too fragile for an accurate assessment of cell proliferation; thus, only days 1-
10 are shown (Fig. 4(c)). The MTT OD of scaffolds seeded with either stromal 
cells alone, or co-cultured with epithelial cells, increased over the 10 days of 
culture (P < 0.05, Fig. 4(c)). Despite a trend in higher OD observed on the co-
culture scaffolds, there was not a significant effect of culture type, or a time × 
culture interaction (Fig. 4(c)). To confirm the ability of the scaffold to support 
epithelial cells, monoculture scaffolds seeded with epithelial cells alone were 
cultured for 10 days before staining with haematoxylin and eosin. Epithelial 
cells were present upon the scaffold, but only cells growing on the upper 
surface of the scaffold had a typical cuboidal, epithelial morphology 
(Supplemental Figure 1). Epithelial cells deeper within the scaffold had a 
predominantly striated morphology (Supplemental Figure 1). 
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Figure 4. Attachment of epithelial and stromal cells to electrospun PGA scaffolds. (a) 
Stromal or (b) epithelial cells had filamentous actin staining (red). Actin filaments were 
wrapped around scaffold fibres (circles) on day 7 of scaffold culture. Hoechst 33258 was used 
as a nuclear stain, but also stained the scaffold fibres (blue). Scale bar = 50 µm. All images 
are representative of at least 4 fields of view from 3 independent experiments. (c) Cell 
viability, measured by MTT, of stromal cells seeded alone (■) or co-cultured with epithelial 
cells (□). Epithelial cells were seeded 24 h after stromal cell seeding, as indicated by the 
arrow. There was a positive correlation of cell viability over time, P < 0.05. 
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Establishment of a stromal cell population on the PGA scaffold 
Having established that the electrospun PGA scaffold was biocompatible with 
both cell types, the dynamics of stromal cell growth upon the scaffold were 
then assessed. The cross sectional depth of the overall structure, from the 
apical surface to the basolateral surface of the construct, was measured using 
SEM images of the wax embedded sections of the scaffold (Fig. 5). Scaffolds 
were cultured for up to 14 days, but were too fragile to undergo the tissue 
processing for wax embedding, therefore were excluded from analysis for this 
time point. 
 
There was a significant increase in the thickness of the stromal cell seeded 
scaffold constructs over time (P<0.05, Fig. 5(e)). On day 1, the stromal cell 
constructs had only a thin single cell layer that was difficult to measure, 
however by day 7 a cell mass was clearly evident (Fig. 5(d) and Fig. 6(a-c)), 
representing a significant increase in cellular growth upon the scaffold 
(P<0.05). The tissue thickness, whole construct thickness and cellular 
infiltration was similar between day 7 and day 10 of culture (Fig. 5 d-f)).  
 
Upon examination of the construct cross sections, it was noted that the main 
cell mass, or tissue, formed on the upper region of the scaffold, with cells 
growing both within and on top of the scaffold (Fig. 5(a-c) and Fig. 6(b)). 
Therefore in addition to measuring tissue thickness (Fig. 5(d)), the depth that 
cells actually infiltrated into the scaffold was calculated (Fig. 5(f)). On day 1 of 
culture, stromal cells were present only on the top of the scaffold, with little 
evidence of cellular infiltration into the scaffold, but cells infiltrated deeper into 
the scaffold over time (Fig. 5(f) and Fig. 6(a&b)). By day 7, the upper half of 
the scaffold structure was predominantly infiltrated by tissue, although some 
individual cells were observed deeper in the scaffold (Fig. 5(f) and Fig. 6(b)). 
 
The stromal cells seeded on PGA electrospun scaffolds also deposited 
fibronectin upon the scaffold (Fig. 6(d)). Fibronectin expression was 
particularly abundant at the periphery of the cell mass at the edge of the 
scaffold, appearing to anchor the edge of the cell mass to the scaffold, but 
 21 
was also observed within the main stromal cell mass. Fibronectin expression 
was closely associated with scaffold fibres (Fig. 6(d)). The upper surface of 
the stromal seeded constructs had occasional areas with cuboidal-columnar 
epithelial-like cells growing on top of the stromal cell mass. These epithelial-
like cells stained positive for cytokeratin, whereas the main cell mass was 
vimentin positive, cytokeratin negative. 
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Figure 5. Establishment of a stromal cell population on electrospun PGA scaffolds. Stromal cells were seeded on electrospun scaffolds on day 0 and 
cultured alone as a stromal monoculture. (a-c.) Sample images depicting the measurements used to assess cellular growth and ingress into the scaffold, for 
(a) tissue thickness, (b) whole scaffold construct thickness and (c) scaffold thickness, excluding the tissue growing on top of the scaffold. (d-f) The observed 
measurements for scaffold on days 1, 7, and 10 of culture for: . (d); Tissue thickness, measuring cross sectional depth of the cellular material growing on the 
scaffold; (e) Scaffold construct thickness, measuring the full cross sectional depth of the scaffold construct (f) Depth of cellular infiltration of tissue into the 
scaffold, describes how deep into the scaffold the cells infiltrated. Data differ over time, *P < 0.05.  
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Figure 6. Immunohistochemistry images of stromal seeded scaffolds. (a-c) Haematoxylin and 
eosin staining of cross sectional sections of stromal cell-seeded PGA scaffolds on (a) day 7, or (b and 
c) day 10 of scaffold culture. Red arrows indicate cellular material, black arrows indicate scaffold 
fibres.. (d) Actin (red) and fibronectin (green) expression of the edge of a whole mount stromal cell-
seeded PGA scaffold on day 10 of culture. Hoechst 33258 was used as a nuclear stain (blue). Scale 
bar = 100 µm. All images are of at least 4 fields of view from 3 independent experiments. 
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Establish a co-culture of stromal and epithelial cells 
To develop a construct representative of endometrial tissue, two epithelial 
seeding protocols were compared, seeding stromal cells initially (day 0), and 
then seeding the epithelial cells on top of the stromal cells 24 h later on day 1 
of scaffold culture (CCd1) or 7 days later (CCd7). Histological sections on day 
7, 10 and 14 of scaffold culture are shown in Fig. 7. Epithelial cells with a 
cuboidal or columnar morphology were observed overlying the stromal cell 
mass on days 7 – 14 for the CCd1 constructs, and on days 10 and 14 for the 
CCd7 constructs (Fig. 7). However, on day 10 the stromal cell mass appeared 
larger, and the epithelial cell morphology was more uniform in the CCd1 
constructs, compared to the CCd7 constructs (Fig. 7). On day 14 the scaffold 
constructs were very fragile and tended to fragment during handling, and the 
day 14 images in Fig. 7 represent fragments of the scaffold rather than an 
intact scaffold structure. Accordingly, all future work used CCd1 scaffolds from 
day 10 of culture. 
 
To confirm the architectural arrangement of the two cell types in the co-culture 
scaffold, the CCd1 constructs were assessed for vimentin and cytokeratin 
expression (Fig. 8(a)). A single layer of cytokeratin positive, vimentin negative 
epithelial cells overlaid a stromal cell mass that was vimentin positive, 
cytokeratin negative (Fig. 8(a)). This represents a similar scenario to that seen 
in native endometrial tissue, although the epithelium of native tissue had a 
more uniform columnar epithelium than was observed upon the CCd1 
construct (Fig. 8(a-b)). Furthermore, the epithelial cells on CCd1 construct 
expressed the tight junction-associated protein, zona occludens 1 (ZO-1), 
whereas scaffolds seeded with only stromal cells did not express ZO-1 (Fig. 
8(c-d)). Apical expression of ZO-1 by epithelial cells was confirmed by z-stack  
imaging of the whole mount scaffolds (Supplemental Figure 2).
 25 
 
Figure 7. Haematoxylin and eosin staining of co-cultured stromal and epithelial cells grown on electrospun PGA scaffolds. Scaffolds were initially 
seeded with stromal cells, and then epithelial cells were seeded either (a-c) 24 h later (day 1 of scaffold culture, CCd1), or (d-e) on day 7 of scaffold culture, 
CCd7. Cross sectional sections of the scaffolds from days 7, 10 and 14 of culture were stained using H&E to compare effect of day of epithelial seeding on 
morphology. Scale bar = 20 µm. All images are of at least 4 fields of view from 3 independent experiments. 
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Figure 8. Immunohistochemistry images of co-cultured stromal and epithelial cells 
seeded on electrospun PGA scaffolds on day 10 of culture. (a-b) Cross sectional 
expression of cytokeratin (red) or vimentin (green) by endometrial cells on (a) a PGA scaffold 
(CCd1), or (b) within the bovine endometrium. (c-d) Cellular expression of actin (red) and ZO-
1 (green) of whole mount scaffold constructs seeded with (c) stromal and epithelial co-culture 
(CCd1) or (d) stromal cells only. For all images, Hoechst 33258 was used as a nuclear stain 
and scale bars represent 20 µm. Images are representative of 4 fields of view from 3 
independent experiments. 
 
Functionality of the co-culture endometrial construct 
To test the functionality of the endometrial constructs a co-culture of stromal 
and epithelial cells (CCd1) was grown for 10 days prior to treatment with 
OT+AA or LPS for 24 h. Both OT+AA and LPS stimulated an increase in PGE 
accumulation (Fig. 9). Accumulation of PGF was also significantly increased 
following OT+AA, but not LPS, treatment (Fig. 9). 
 
 27 
 
(a)
Co
ntr
ol
OT
+A
A
LP
S
0
100
200
300
400
*
*
PG
E 
(ng
/w
el
l)
(b)
Co
ntr
ol
OT
+A
A
LP
S
0
10
20
30
40
*
PG
F 
(ng
/w
el
l)
 
Figure 9. Prostaglandin accumulation of endometrial cells seeded on electrospun 
scaffolds and treated with oxytocin plus arachidonic acid or LPS. Accumulation of (a) 
PGE or (b) PGF following 24 h treatment of a co-culture scaffold (CCd1) with oxytocin plus 
arachidonic acid (OT+AA) or LPS. Supernatants were analysed using RIA, and data were 
analysed using ANOVA with Bonferroni post hoc. Prostaglandin accumulation differed 
between treated and control, *P < 0.05. 
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4. Discussion 
In the present study, a PGA electrospun scaffold was selected to support the 
growth of endometrial constructs,. The PGA electrospun scaffold, had 
previously been used to support the growth of skin fibroblasts [25]. The PGA 
scaffold was compatible with both primary endometrial stromal and epithelial 
cells, based upon the attachment and proliferation of cells on the scaffold. The 
scaffold supported growth of multiple layers of stromal cells, overlaid by a 
single cell layer of epithelial cells, an architectural arrangement that is similar 
to in vivo endometrial tissue. Stromal cells deposited fibronectin upon the 
scaffold fibres, and actively wrapped actin filaments around the scaffold fibres. 
Epithelial cells had apical expression of the tight junction protein, ZO-1, and 
had a cuboidal to columnar morphology. Finally, the co-culture constructs 
cultured on PGA electrospun scaffolds were responsive to OT+AA and LPS 
treatment, validating the formation of a tractable 3D model of endometrium. 
 
A significant advantage of the electrospun scaffold is that it represents a 
synthetic mimic of the ECM protein, collagen, providing an ideal framework to 
support tissue growth [7, 33]. Electrospun scaffolds have been widely used to 
support a variety of tissues, including human vascular tissue and skin but also 
bovine aorta endothelial cells [34-36], however as far as the authors are 
aware this is the first report of a bovine endometrial model grown on PGA 
electrospun fibres. 
 
The PGA electrospun scaffold had randomly dispersed fibres with structural 
space for cell growth that was typical of a nonwoven electrospun material. 
This type of scaffold has a structure similar to collagen fibres in vivo [23]. The 
scaffold had interconnecting pores that varied in size, typical of electrospun 
scaffolds [23]. The PGA electrospun scaffold median pore diameter and 
maximum detected pore diameter were ~7.8 µm and ~11 µm respectively, as 
measured by capillary flow porometery. Capillary flow porometry measures 
the flow through pores and accounts for the smallest pores within the scaffold, 
and measured values are affected by fibre diameters, fibre and membrane 
mass thus estimated pore sizes may be more accurate than measurements 
taken using other techniques such as SEM, but may still be slightly lower than 
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the actual pores experienced by cells [37]. However the porosity of the 
scaffold used in the present study was sufficient for ingress of stromal and 
epithelial cells which have cell diameters of ~10 µm and ~15 µm respectively 
(measured from histological sections of endometrium, data not shown). This is 
part assisted by the flexible nature of electrospun fibres, which cells may be 
able to push aside as they migrate through the scaffold [33]. Migration of cells 
in vivo is maximal when the tissue fibre pore size is equal or slightly smaller 
than that of the cell [38]. In vivo, if tissue gaps are too large, then migration 
slows as a consequence of insufficient ECM-cell interaction. However if tissue 
gaps are too small then the ECM fibres provide a physical barrier to 
movement in vivo [38]. A similar effect of pore size/scaffold matrix thickness 
on cell migration is likely to occur in vitro when using scaffolds as a substitute 
for ECM. 
 
A scaffold should support cellular attachment and growth, stimulate ECM 
deposition and have suitable porosity to support diffusion of gases, signalling 
molecules, nutrient and waste products to facilitate cell survival and 
differentiation [39]. In the preliminary experiments using the PGA electrospun 
scaffold to support the growth of both stromal and epithelial cells. 
Identification of a polymer that was compatible with both cell types was key, 
given the heterogenouos nature of the endometrium [40]. Confocal imaging of 
the cells demonstrated that the actin filaments of cells were wrapped around 
the scaffold fibres, indicating active attachment of the cells to the scaffold 
rather than cells being merely trapped within, but not interacting with the 
scaffold. Alignment of actin filaments along the scaffold fibres was also 
apparent. Cells are known to align with tissue structures in vivo, including 
blood vessels, muscle fibres and ECM fibres [38], and the observations of 
actin filament alignment along scaffold fibres in the present study may 
represent similar cell alignment behaviour to that as occurs in vivo. 
 
Stromal cells seeded alone, or in co-culture with epithelial cells, proliferated 
within the scaffold over time. The ability of the scaffold to support epithelial 
cell growth was confirmed using histology and the epithelial cells growing on 
the upper surface of the scaffold assumed a typical morphology. Epithelial 
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cells growing in the deeper layers of the scaffold had predominantly an 
atypical epithelial morphology, which may represent some degree of 
differentiation due to a physical cue from the scaffold. In vivo, epithelial cells 
line the surface of mucosal tissue and display polarity, with cellular 
attachment via the lateral and basolateral membranes [41]. Epithelial 
morphology is directed by growth factors and hormones, and cues from the 
ECM [42]. The cues from the electrospun scaffold in the present study 
appeared to successfully support the growth of both cell types. Accordingly, 
subsequent work focussed initially on establishing stromal cells within the 
scaffold, upon which an epithelial cell suspension could be seeded. 
 
In the scaffold, the main stromal cell mass was in the upper region of the 
scaffold, and grew both into and on top of the scaffold, giving rise to an 
increased thickness of the whole construct. The growth of stromal cells into 
the scaffold indicates that the porosity of the PGA scaffold was suited to cell 
migration and stromal cells were also observed within the deeper regions of 
the scaffold. A human endometrial 3D model observed spontaneous gland 
formation by epithelial cells within the stromal cell 3D constructs, possibly 
from contaminating epithelial cells within the stromal cell population, or from 
uterine stem cells that differentiated into epithelial cells during culture [10]. 
However, endometrial glands were not observed in the present study and 
further work on stem cells may be of interest for future models. 
 
The stromal cells also deposited the ECM protein, fibronectin, with particularly 
strong expression at the edge of the cell mass (at the edge of the scaffold). 
Native ECM contains a diverse range of proteins, but fibronectin was selected 
for study as it is a ubiquitous component of the ECM, and has important roles 
in tissue function and wound healing [43]. Some parallels between wound 
healing and cellular population of an engineered scaffold may be perceived, 
as both require cellular infiltration, deposition of ECM and the formation of 
new tissue. In wound healing, cellular fibronectin is secreted in a compact 
form which must be unfolded and formed into a matrix, in a process that is cell 
mediated [43]. Different isoforms of fibronectin are associated with cell 
proliferation, attachment, migration and tissue organisation, and also promote 
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deposition of other ECM components [43]. In the present study, fibronectin 
deposition was clearly evident along the scaffold fibres, but also, to a lesser 
extent between cells in the main cell mass; indicating that the cells were 
depositing native ECM on the scaffold construct. The stimulation of native 
ECM deposition by cells on a scaffold fulfils another requirement of a scaffold 
structure [39]. 
 
Having established a stromal cell population on the scaffold, the timing of 
epithelial cell seeding was examined. Seeding of epithelial cells onto the 
stromal-seeded scaffold was attempted 1 or 7 days after stromal cells 
seeding. Whilst both seeding protocols resulted in polarised epithelial cells 
overlying multiple layers of stromal cells, the histology of CCd1 constructs on 
day 10 was more representative of native endometrial tissue than the CCd7 
constructs, with more stromal cells within the scaffold, and the complete 
epithelialisation. The earlier seeding of epithelial cells may have had a 
beneficial effect on the proliferation of stromal cells. Co-culture of human 
endometrial stromal and epithelial cells increased epithelial proliferation, and 
was dependent on the release of stromal IGF-1 [44, 45]. However, co-culture 
of bovine endometrial stromal and epithelial cells, in which the two cell types 
were not in direct contact, did not alter the proliferation of either cell type [29]. 
Co-culture scaffolds had further improvements in cell morphology, regardless 
of the timing of epithelial seeding; but were incredibly delicate between days 
12-14 of culture, making them very difficult to handle. Other studies have also 
reported the rapid degradation of PGA nanofibers which can render the 
scaffold construct fragile [16]. The electrospun PGA scaffold utilised here has 
been successfully used to culture skin fibroblasts [25]. Other studies report 
culturing electrospun scaffolds for ~10 days [23]. Therefore, in the present 
study subsequent work seeded epithelial cells 24 hours after stromal cell-
seeding, and scaffold constructs were cultured for 11 days. This was sufficient 
to provide a multiple layer-stromal cell mass, overlaid by epithelium suitable 
for in vitro testing. 
 
The CCd1 constructs had not only appropriate expression of cytokeratin and 
vimentin of native endometrium, but also apical expression of ZO-1 by 
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epithelial cells. The apical expression of ZO-1 confirms the polarisation of 
epithelial cells growing on the scaffold. Further work to enhance the 
establishment of endometrial cells may be beneficial for this model, however 
the construct still represents a closer mimic of endometrial tissue that can be 
achieved using 2D culture. Furthermore, the functionality of the endometrial 
constructs was tested by exposing the scaffolds to OT+AA or LPS on day 10 
of culture for 24 h. Both treatments stimulated PGE accumulation, but only 
OT+AA stimulated increased accumulation of PGF as expected, based upon 
previous studies using 2D monocultures, or co-cultures of epithelial and 
stromal cells on a transwell insert, [27, 29, 46]. In contrast, explants produce 
both PGE and PGF in response to either OT+AA or LPS treatment [26, 47]. 
Appropriate PGE and PGF responsiveness of endometrial cells to OT+AA and 
LPS demonstrates that the constructs are functional. 
 
The endometrial construct described in the present report contains only 
stromal and epithelial cells, however native endometrium also contains 
endothelial and immune cells. Although a reductionist approach, using the 
main two cell types to establish an endometrial model is useful, the 
incorporation of other relevant cell types into the scaffold model could be 
considered for future studies, as could the development of a model that 
contains endometrial glands. 
 
5. Conclusion 
In conclusion, a straightforward model is presented here to culture multiple 
layers of stromal cells growing in 3D on a PGA electrospun scaffold, overlaid 
by a polarised epithelium. The overall arrangement was similar to native 
endometrium, and the endometrial constructs were responsive to OT+AA and 
LPS after 10 days of culture. Whilst further study could improve this model, 
the constructs provide an enhanced culture of a defined cell population that 
better represents in vivo tissue. The availability of a sophisticated 3D model of 
endometrium will be advantageous for the study of disease and the 
development of therapies. 
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